Podocyte injury is an early event in diabetic kidney disease and is a hallmark of glomerulopathy. MicroRNA-146a (miR-146a) is highly expressed in many cell types under homeostatic conditions, and plays an important anti-inflammatory role in myeloid cells. However, its role in podocytes is unclear. Here, we show that miR-146a expression levels decrease in the glomeruli of patients with type 2 diabetes (T2D), which correlates with increased albuminuria and glomerular damage. miR-146a levels are also significantly reduced in the glomeruli of albuminuric BTBR ob/ob mice, indicating its significant role in maintaining podocyte health. miR-146a-deficient mice (miR-146a ؊/؊ ) showed accelerated development of glomerulopathy and albuminuria upon streptozotocin (STZ)-induced hyperglycemia. The miR-146a targets, Notch-1 and ErbB4, were also significantly up-regulated in the glomeruli of diabetic patients and mice, suggesting induction of the downstream TGF␤ signaling. -1, ErbB4, pErbB4 , and pEGFR, the heterodimerization partner of ErbB4, suggesting increased ErbB4/EGFR signaling. TGF-␤1 also increased levels of inflammatory cytokine monocyte chemoattractant protein-1 (MCP-1) and MCP-1 induced protein-1 (MCPIP1), a suppressor of miR-146a, suggesting an autocrine loop. Inhibition of ErbB4/ EGFR with erlotinib co-treatment of podocytes suppressed this signaling. Our findings suggest a novel role for miR-146a in protecting against diabetic glomerulopathy and podocyte injury. They also point to ErbB4/EGFR as a novel, druggable target for therapeutic intervention, especially because several pan-ErbB inhibitors are clinically available.
currently the best predictor of progression to ESRD in diabetic patients (11, 12) . However, not all patients progress to ESRD at the same rate; some progress faster, whereas others are resistant to further decline in renal function and microalbuminuria is not very helpful in stratifying patients in these groups. Thus, biomarkers for earlier, more sensitive diagnosis of patients who are likely to develop nephropathy or progress faster to ESRD are greatly desired, as it will greatly improve the disease management and patient treatment, and improve clinical trial design.
MicroRNAs (miRNAs) are a family of non-protein-coding RNAs that are ϳ22 nucleotides (nt) in length. They sequencespecifically bind the 3Ј UTR of target mRNAs, where they promote mRNA degradation or suppress mRNA translation, thus regulating cellular functions. miRNAs are endogenously expressed in the kidney and several have been found to be up-or down-regulated in models of diabetic glomerulopathy (reviewed in Ref. 13 ) and other renal diseases (14, 15) . miR-193a is significantly up-regulated in podocytes in focal segmental glomerulosclerosis, where it directly targets WT1 transcripts (15) . miRNAs miR- 21, -192, -200b, -200c , -216a, and -217 are induced in the glomerular mesangial cells in animal models of diabetic nephropathy (DN), where a number of them participate in the TGF␤-Smad pathway to mediate glomerular damage (13, 16 -19) . Similarly, miR-29c is increased in podocytes under high glucose (20) , where it promotes apoptosis by activating Rho kinase via suppression of Spry1. Unlike other miRNAs, hyperglycemia down-regulates miR-93 in podocytes and in glomeruli of diabetic animals, thereby increasing VEGF-A expression (21) . Podocyte expressed miR-21 is a feedback inhibitor of TGF␤ signaling and protects against diabetic glomerulopathy (22) . These studies show that diabetic milieu modulates expression of many different miRNAs, and does so differentially in the many cells of the glomerulus. They also suggest that miRNAs play a critical role in the pathophysiology of diabetic glomerular injury. miR-146a is a key negative regulator of innate immune responses in myeloid cells (23, 24) , modulates adaptive immune responses, and has been shown to play central roles in many other cellular functions, including normal hematopoiesis and proliferation of cancer cells (23, 25) . miR-146a is also expressed in various endothelial and epithelial cells, although its exact function in these cells is much less clear. Oxidative stress/injury of endothelial cells leads to up-regulation of miR-146a, which is shed into exosomes that are then taken up by cardiomyocytes to mediate peripartum cardiomyopathy (26) . In another context, miR-146a induction limits proinflammatory signaling in endothelial cells (27) . In the context of diabetic injury, a recent study found that miR-146a is constitutively expressed in the retinal endothelial cells and is down-regulated by high glucose (28) . In another study, miR-146a levels were reduced in the retina, kidney, and heart of streptozotocin (STZ)-induced diabetic rats. Recently, Natarajan and co-workers (29) showed that myeloid cell-expressed miR-146a levels increase early in a mouse model of DN, where it plays an anti-inflammatory role by suppressing proinflammatory cytokines in macrophages. It was also recently reported that miR-146a levels increase in the kidney in a model of lupus nephritis (30) . Thus, whereas there is a growing body of research showing that miR-146a expression is altered in disease, the role of miR-146a in glomeruli is still unclear and needs further evaluation. Recent unbiased profiling studies reported that miR-146a is highly expressed in podocytes (31, 32) , suggesting that it has an important role in maintaining podocyte health. In this study, we examined the role of podocytic miR-146a in diabetic glomerular injury and present our findings below.
Results

Diabetic Patients with Reduced Glomerular miR-146a Levels
Show Increased Albuminuria and Glomerular Damage-miR-146a is highly expressed in podocytes (31, 32) , suggesting that it might play an important role in maintaining glomerular health. To examine its role, we correlated the expression level of miR-146a in micro-dissected glomeruli of kidney biopsies from patients with T2D and quantified by qRT-PCR clinical and morphometric outcomes (33) .
We observed that a subset of patients with low glomerular abundance of miR-146a had high albumin to creatinine ratio (ACR) at the time of biopsy ( Fig. 1A) and at a follow-up appointment ( Fig. 1B) . These data suggest that reduction or loss of miR-146a could be a risk factor for glomerular damage and albuminuria in patients with diabetes. Additionally, we analyzed small RNA sequencing data from microdissected glomeruli (glom) and tubulo-interstitial compartments (TI) of 40 kidney biopsy samples from this cohort and determined that the abundance of the miR-146a cluster miRNAs (34) was slightly, but significantly, enriched in the glomerular as compared with the TI tissue (log2FC [log2(expression in glom) Ϫ log2(expression in TI)] ϭ 0.6, p Ͻ 0.05). Furthermore, we associated quantitative data of morphometric analyses of glomeruli of these samples (described in Ref. 35 ) with miR-146a abundance and found a significant correlation between low miR-146a levels and higher mesangial surface area (correlation: 0.351839, p ϭ 0.02) and filtration surface fraction (correlation: Ϫ0.309166, p ϭ 0.03), which are parameters associated with increased glomerular damage. Furthermore, patients with low relative expression exhibited relatively higher ACR at follow up compared with subjects with higher miR-146a levels (supplemental Fig. S1 ). These data support that lower miR-146a expression are associated with increased glomerular damage and albuminuria in diabetic patients.
To further confirm our findings, we used in situ hybridization (ISH) on human and murine kidney sections. It showed that miR-146a was expressed in the glomeruli of healthy human kidney sections ( Fig. 2A ) and in the healthy wild-type mouse kidney sections ( Fig. 2B ). As a control, miR-146a Ϫ/Ϫ mouse glomeruli showed complete absence of miR-146a staining (Fig. 2B ). The glomerular miR-146a levels were dramatically reduced in the kidney sections of diabetic patients. Podocyte loss causes glomerulosclerosis and results in progressive loss of renal function in patients with diabetic nephropathy (7, 36, 37) . Kidney sections from diabetic patients also showed reduced staining for podocyte marker synaptopodin (Synpo) ( Fig. 2A ), suggesting that reduction in miR-146a correlates with reduced podocyte density and that podocyte loss may partially explain the reduced miR-146a expression in the glomeruli of diabetic patients. The glomerular miR-146a levels were also reduced in the kidney sections from the albuminuric BTBR ob/ob mice ( Fig. 2B-2C ), a genetic model of T2D (38) . Quantitative RT-PCR (qRT-PCR) of isolated kidney sections further confirmed that miR-146a levels are significantly reduced in the albuminuric BTBR ob/ob mice ( Fig. 2D and supplemental Fig. S2 ). These data confirm that miR-146a levels are reduced in the glomeruli of diabetic human and mouse kidneys.
miR-146a Targets Notch-1 and ErbB4 Are Up-regulated in the Diseased Glomeruli and in Podocytes-Among its various molecular targets, miR-146a directly targets Notch-1 and ErbB4 mRNA ( Fig. 3, A and B) (26, 39 -41) . Notch-1 up-regulation in podocytes correlates with diabetic glomerular injury in experimental models and in patients (39, (41) (42) (43) . ErbB4 (v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 4, also known as HER4) is a member of the epidermal growth factor receptor (EGFR, also known as ErbB) family of tyrosine kinase receptors that often heterodimerizes with EGFR (44) . A recent genomewide association study with T1D nephropathy patients showed that an intronic SNP in ErbB4 (rs7588550), which correlates with reduced ErbB4 expression, was significantly associated with protection from T1D (45), suggesting that its up-regulation in the glomeruli may be dele-terious. Analysis of publicly available human transcriptomic data in Nephroseq from patients with diabetes mellitus and healthy controls showed that ErbB4 expression was significantly up-regulated in the diseased kidney sections ( Fig. 3C ) (46) . Similarly, isolated kidney sections from miR-146a Ϫ/Ϫ animals showed no miR-146a expression as compared with the WT (supplemental Fig. S3A ), and an increase in basal expression of its targets ErbB4 and Notch-1 in podocytes, but no increase in basal EGFR levels (supplemental Fig. S3B ). Western blotting analysis of isolated glomeruli and the primary miR-146a Ϫ/Ϫ podocytes further confirmed increased expression of ErbB4 over the glomeruli and the podocytes from WT animals (supplemental Fig. S4 ). Histochemical and immunofluorescence staining of kidney sections from diabetic patients and the A, primary sequence and predicted secondary structure of pre-miR-146a. miRNA is transcribed in the nucleus as primary miRNA, processed by endonuclease Drosha into pre-miRNA, exported into the cytoplasm, where it is cleaved by RNase Dicer to yield a mature 22-nt duplex miRNA. The sequence of 22-nucleotide (22 nt) mature miR-146a duplex is highlighted in red and blue. Typically, only one strand of the 22-nt duplex gets loaded into an RNA-induced silencing complex (RISC) to suppress target gene expression. In miR-146a, this is typically the 5Ј-strand (shown in red), also known as miR-146a-5p. B, alignment of miR-146a target sites in the 3Ј UTRs of Notch-1 and ErbB4 mRNA (26, 40) . C, graph showing relative expression levels of ErbB4 mRNA in various human kidney biopsies, data were derived from Schmid et al. (46) . The published microarray data were generated using renal biopsies from patients with histological evidence of DN (n ϭ 13), where the biopsies from cadaveric donors (n ϭ 4), related living donors (n ϭ 3), and from patients with minimal change disease (MCD) (n ϭ 4) without histological or clinical evidence of impaired renal function served as controls. Data shown are mean Ϯ S.E. ****, p Ͻ 0.0001. D, representative images showing histochemical analyses of kidney tissue samples from 12-week-old BTBR WT (healthy) and BTBR ob/ob (diabetic) mice using periodic acid-Schiff (PAS) and Masson's trichrome (trichrome) staining showing increased mesangial sclerosis and fibrosis in the diabetic kidneys. Scale bar, 50 m. E, expression of EGFR, Notch-1, and ErbB4 is up-regulated in the glomeruli of BTBR ob/ob mice. Representative confocal microscopy images of immunofluorescently labeled glomeruli from 12-week-old BTBR WT (healthy) and BTBR ob/ob (diabetic) mice. Kidney sections were imaged after staining with DAPI and antibodies against EGFR, Notch-1, ErbB4, and Synaptopodin (Synpo). Merged DAPI, EGFR and Synpo, DAPI, Notch-1 and Synpo, and DAPI, ErbB4 and Synpo channels are also presented that show podocyte colocalization for these proteins. Scale bar, 50 m. F, expression of EGFR, Notch-1, and ErbB4 is up-regulated in the glomeruli of diabetic patients. Representative images showing histochemical analyses of kidney tissue samples (left panels) after PAS and trichrome staining showing extensive glomerular expansion, mesangial sclerosis, and fibrosis in the diabetic kidneys. Scale bar, 50 m. Representative confocal microscopy images of immunofluorescently labeled kidney sections that imaged after staining with DAPI and antibodies against EGFR, Notch-1, ErbB4 and Synpo (right panels). Merged EGFR and Synpo, Notch-1 and Synpo, and ErbB4 and Synpo channels are shown that show podocyte colocalization for these proteins, respectively. Scale bar, 50 m. Bottom panels present higher magnification views of the boxed regions in the middle panel. G, miR-146a reduces the activity of luciferase linked with 3Ј UTRs of ErbB4 and Notch1. Bar graph reporting results from luciferase activity assay from HEK293T cells co-transfected with pre-miR-146a or pre-miR-control and a luciferase reporter plasmid containing either the WT or mutated (mut) sequence of 3Ј UTRs of ErbB4 or Notch-1. Luciferase activity was normalized with the activity of ␤-galactosidase from a co-transfected plasmid. Data shown are mean Ϯ S.E. (n ϭ 4). *, p Ͻ 0.05. ***, p Ͻ 0.0005. diabetic BTBR ob/ob mice also showed up-regulation of miR-146a targets Notch-1 and ErbB4 in the diseased glomeruli versus healthy controls ( Fig. 3 , D-F). We also observed glomerular up-regulation of the EGFR heterodimerization partner of ErbB4 in these samples, confirming similar findings by others (47) (48) (49) (50) . Co-staining with podocyte marker synaptopodin showed that the increase in their expression co-localized within podocytes in the glomeruli. Furthermore, expression of miR-146a targets Notch-1 and ErbB4 in the micro-dissected glomeruli of diabetic patients also showed negative association with miR-146a expression (Notch-1, r ϭ Ϫ0.273; ErbB4, r ϭ Ϫ0.108), providing additional confirmation of the immunofluorescence findings.
To confirm direct targeting of Notch-1 and ErbB4 transcripts by miR-146a, we utilized a luciferase reporter vector encoding the 3Ј UTR of human ErbB4 or Notch-1 and mutated vectors containing mismatches in the predicted miR-146a binding site in each, respectively (supplemental Fig. S5 ) (26) . Co-transfection of pre-miR-146a and the ErbB4 or the Notch-1 3Ј UTR plasmids in HEK293T cells resulted in a significant decrease in the luciferase activity as compared with cells cotransfected with pre-miR-146a and the mutated ErbB4 or Notch-1 3Ј UTR plasmids ( Fig. 3G ). Furthermore, retrovirusmediated overexpression of miR-146a in WT podocytes also resulted in reduction of ErbB4 expression (supplemental Fig.  S6 ). Together, these data suggest that miR-146a, by directly modulating the expression of its targets ErbB4 and Notch-1, may have an important regulatory role in podocytes and that miR-146a down-regulation may lead to transcriptional up-regulation of these proteins, resulting in glomerular damage in diabetes.
STZ Accelerates Glomerulopathy in miR-146a Ϫ/Ϫ Animals and Is Attenuated by Erlotinib-To further investigate the role of miR-146a in glomerular function in vivo, we induced hyperglycemia in miR-146a Ϫ/Ϫ animals using STZ (5) . STZ treatment induced similar levels of hyperglycemia ( Fig. 4A ) and body weight decline ( Fig. 4B ) in both C57BL/6 wild-type (WT) and the miR-146a Ϫ/Ϫ animals that persisted throughout the course of this study, confirming recent findings (29) . Although the diabetic WT animals showed a slow increase in albuminuria (5, 51, 52) , the diabetic miR-146a Ϫ/Ϫ animals showed a more rapid increase and significantly higher level of albuminuria ( Fig.  4C ), suggesting that miR-146a deletion greatly accelerates the renal decline in animals, also in line with recent findings (29) . Histopathology and morphometric analyses of the kidney sections showed significant mesangial sclerosis in the diabetic WT and miR-146a Ϫ/Ϫ animals as compared with the healthy controls ( Fig. 5, A and B) , and an expected increase in leukocyte infiltration with STZ treatment (supplemental Fig. S7 ) (29) . 
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Electron microscopy (EM)-based analyses showed significant foot process effacement (Fig. 5C ). The receptor-tyrosine kinase (RTK) EGFR is expressed in the tubules and the glomeruli (53) and promotes TGF␤ signaling in diabetes (48 -50, 54) . Immunofluorescence staining of kidney sections showed increased expression of EGFR along with increased Notch-1 and ErbB4 in the glomeruli of diabetic WT and miR-146a Ϫ/Ϫ animals, as compared with healthy controls (Fig. 6, A and B) . Because the ErbB4 expression increased in both WT and miR-146a Ϫ/Ϫ diabetic glomeruli, we tested whether treatment with inhibitor erlotinib would offer protection from renal decline. Most small molecule inhibitors target multiple members of the EGFR family and no selective ErbB4 inhibitors are currently available. However, the EGFR inhibitor erlotinib also inhibits ErbB4 with nanomolar affinity (IC 50 ϭ 230 nM) (55) . Therefore, we tested whether ErbB4 inhibition with this pan-ErbB inhibitor will have efficacy in this model. Administration of erlotinib to the diabetic animals did not change the level of hyperglycemia in either WT or the miR-146a Ϫ/Ϫ animals ( Fig. 4A ). However, erlotinib treatment protected both the WT animals, as was recently shown (49, 54) , and the miR-146a Ϫ/Ϫ animals from development of albuminuria (Fig. 4C ), and resulted in reduced leukocyte influx in both (supplemental Fig. S7 ). Furthermore, analysis of kidney sections of erlotinib-treated diabetic mice showed a significant reduction in glomerular mesangial sclerosis and foot process effacement ( Fig. 5, A-C) , and immunofluorescence analysis showed a significantly reduced expression of EGFR, Notch-1, and ErbB4 in the glomeruli of treated WT and miR-146a Ϫ/Ϫ animals (Fig. 6, A and B) . ISH with a miR-146a probe ( Fig. 7A ) and immunohistochemical analysis with anti-WT1 antibody ( Fig. 7B ) showed that expression of miR-146a and WT1 was reduced in the STZ-treated, diabetic WT animals, but that the glomerular miR-146a and WT1 expression was largely preserved in the kidney sections of the animals treated with erlotinib. These data suggest that the ErbB4 pathway is up-regulated in the glomeruli of diabetic animals and that clinically available pan-ErbB inhibitors are potential therapeutics for reducing the glomerular damage.
TGF-␤1 Induces ErbB4 Expression and Signaling-Transforming growth factor ␤1 (TGF-␤1) is a pleotropic cytokine and a member of the TGF␤ superfamily. It mediates podocyte damage and glomerulosclerosis, and is a key mediator of glomerular injury in diabetes (56, 57) . Actin cytoskeleton in podocytes is a critical link between various signaling components and the cellular receptors, whereas playing an essential role in providing stable architectural support to the cell. Immunofluorescence microscopy showed that TGF-␤1 induced rearrangement of the actin cytoskeleton resulting in loss of stress fibers in podocytes (58, 59) , a hallmark of cellular damage, and that this loss of stress fibers was prevented by co-treatment with erlotinib ( Fig.  8A ), suggesting a link between TGF-␤1 signaling and ErbB4. TGF-␤1 imparts its intracellular effects via Smad and MAPK signaling pathways and treatment of podocytes with TGF-␤1 showed increased phosphorylation of Smad2/3, Erk, and p38, and expression of cleaved Notch-1, in addition to its autoinduction ( Fig. 8B) (56, 57, 60, 61) . We also found that TGF-␤1 increased expression of ErbB4 and increased ErbB4 phosphorylation (Tyr-984), suggesting that it elicits intracellular signaling. It also enhanced EGFR phosphorylation in the treated cells (at three different sites Tyr-845, Tyr-1068, and Tyr-1173), but not the level of EGFR. Co-immunoprecipitation assays using overexpression vectors in HEK293 cells confirmed that ErbB4 and EGFR heterodimerize on the cell surface (supplemental Fig. S8 ), suggesting that their observed increase in phosphorylation is likely due to ErbB4/EGFR heterodimerization. miR-146a Ϫ/Ϫ podocytes showed basally increased expression of ErbB4, cleaved Notch-1 and TGF-␤1, and increased phosphorylation of Smad2/3, Erk, p38, ErbB4, and EGFR ( Fig. 8B) , suggesting that the ErbB4/EGFR pathway is induced in the absence of miR-146a. Co-treatment of WT and miR-146a Ϫ/Ϫ podocytes with erlotinib to antagonize ErbB4/EGFR signaling showed a marked reduction in the deleterious expression changes induced by TGF-␤1. Monocyte chemoattractant protein-1 (MCP-1) is a proinflammatory chemokine that is induced upon RTK-induced STAT3 activation (62) . In turn, it increases expression of MCP1-induced protein 1 (MCPIP1), which inhibits miR synthesis and suppresses miR-146a (63, 64) . We confirmed that TGF-␤1 treatment induced MCP-1 in podocytes (65) and that erlotinib suppressed the TGF-␤1-mediated increase in MCP-1 ( Fig. 9 ), suggesting that MCP-1 induction is downstream of EGFR/ErbB4. Similarly, TGF-␤1 increased expression of MCPIP1, which was suppressed by erlotinib ( Fig. 8, B and C, bottom panel). In sum, these data suggest that diabetic milieu suppresses miR-146a levels in podocytes via induction of MCP1 and MCPIP1, and that reduced miR-146a results in up-regulation of its molecular targets Notch-1 and ErbB4, which also enhances MCP1, thus inducing an autocrine loop (Fig. 10 ).
Discussion
Podocyte damage and dysfunction is a hallmark of glomerular diseases and is evident in diabetic glomerulopathy. Micro-RNAs play a significant role in maintaining podocyte health and 
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in the pathogenesis of podocytopathies. This study provides evidence, for the first time, that miR-146a protects podocytes against diabetic injury and that its loss exacerbates diabetic glomerulopathy. Although miR-146a is most commonly associated with innate immune cells and has primarily been studied in that context, it is also highly expressed in healthy podocytes (31, 32) . Our surprising finding that miR-146a expression is significantly reduced in the glomeruli of diabetic patients and diabetic animals, and that its reduction in glomeruli correlates with glomerular damage, support its role in maintaining glomerular health. Furthermore, patients with low glomerular miR-146a levels show significantly faster decline in renal function, as compared with patients with relatively higher levels. Concomitant with changes in miR-146a levels, we also observed up-regulation of direct mRNA targets of miR-146a, namely Notch-1 (39, 40) and ErbB4 (26, 41) (and its binding partner EGFR), in the glomeruli of both diabetic human and mouse kidneys, suggesting a direct molecular link. STZ-induced hyperglycemia significantly accelerated development of albuminuria and glomerular injury in miR-146a Ϫ/Ϫ animals, as compared with the WT mice, along with an increase in glomerular expression of Notch-1 and ErbB4. Blocking ErbB4 with a known antagonist, erlotinib, protected animals from the development of albuminuria and significantly reduced glomerular damage. This suggests that miR-146a, by directly modulating the expression of Notch-1 and ErbB4, may have an important regulatory role in podocytes. Mechanistic studies with cultured podocytes showed that treatment with TGF-␤1, a mediator of diabetic podocyte injury in vivo, increased expression of Notch-1 and ErbB4. TGF-␤1 treatment also increased phosphorylation of ErbB4 and its heterodimerization partner EGFR, activating downstream RTK signaling, which has previously been shown to induce proinflammatory pathways via induction of STAT3 (62) . Indeed, TGF-␤1 increased levels of MCP-1 in podocytes as well as autoinduction of TGF␤. TGF-␤1 also increased levels of MCPIP1, a ribonuclease that is up-regulated by MCP-1 and antagonizes miR-146a in cells (63, 64) . These data suggest that miR-146a acts as a molecular break on ErbB4 signaling via suppression of ErbB4 levels in podocytes, and that diabetic milieu, via TGF-␤1, activates a feed-forward loop, where MCP-1 and MCPIP1 reduce miR-146a levels, thereby activating ErbB4 signaling, which increases autocrine synthesis of MCP-1, further reducing the miR-146a levels (Fig. 10 ). Data showing that erlotinib treatment counteracts this ErbB4-mediated MCP-1 autocrine loop provides further evidence for this pathway being active in mediating diabetic injury in podocytes. Our findings suggest a novel role for miR-146a in the pathogenesis of diabetic glomerulopathy and as a biomarker for disease progression. They also point to ErbB4 as a novel target for therapeutic intervention.
To date, miR-146a has primarily been defined by its role in an innate immune system, as a negative regulator of proinflammatory NFB signaling (23, 24) . Its currently defined role in modulating kidney injury has also been limited to its function in the immune cells. Indeed, a recent study by Natarajan and coworkers (29) nicely showed that myeloid cell expressed miR-146a levels increase early during DN in mice due to increased influx of miR-146a-expressing myeloid cells, and that miR-146a Ϫ/Ϫ mice show accelerated DN due to both an increase in macrophage influx in the kidney and an increase in the proinflammatory phenotype of the infiltrated macrophages in the knock-out. However, whether podocyte-expressed miR-146a has any role in podocyte function has never been studied before. The results presented here clearly show that the podocytic miR-146a also has a protective role against diabetic injury, complementing the previous studies. However, because our studies here utilized the global miR-146a Ϫ/Ϫ (as podocyte-specific miR-146a Ϫ/Ϫ are not available), one could argue that myeloid cell-expressed miR-146a, due to its role in regulating proinflammatory pathways, is the dominant cell type for the observed effects. However, if macrophage-derived miR-146a was the sole driver of disease pathogenesis, one would expect to find increased miR-146a levels in the tissue from patients with JANUARY 13, 2017 • VOLUME 292 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 739 diabetic kidney disease due to increased influx of macrophages. As shown in Figs. 1 and supplemental Fig. S1 , we find the exact opposite, in that lower glomerular levels of miR-146a associate with increased proteinuria and glomerular damage. This, in combination with the recent study looking at its role in macrophages (29) , suggests both a podocyte intrinsic and extrinsic role for this microRNA in diabetic glomerular injury.
Studies presented here also provide a potential mechanistic understanding behind the previously described role of Notch-1 in diabetic glomerular injury. Notch-1 is a member of a family of four transmembrane proteins that are key developmental proteins (66) . Although the Notch pathway is indispensable for renal glomerular and proximal tubule development (67-69), Notch-1 expression is down-regulated in healthy adult kidneys. However, Notch-1 is up-regulated in the glomeruli of diabetic patients and in experimental models of diabetic nephropathy (42, 43) . Podocyte-specific overexpression of ICN is sufficient to induce podocyte injury and glomerulosclerosis, suggesting that Notch-1 plays a critical role in the pathogenesis of diabetic glomerulopathy. However, a detailed molecular mechanism behind how Notch-1 is kept in check in healthy podocytes and how it is up-regulated during diabetic injury is not clear. The 
. Pan-ErbB inhibitor suppresses inflammation by rescuing podocyte expression of miR-146a and suppressing its targets Notch-1 and ErbB4.
A, TGF-␤1 treatment reduces F-actin fibers in cultured podocytes and erlotinib protects against this loss. Representative confocal microscopy images of cultured mouse podocytes treated with vehicle alone (Control), TGF-␤1 (5 ng/ml), or with TGF-␤1 (5 ng/ml) and erlotinib (10 M) for 24 h and stained with CellMask blue (nuclear stain) and Alexa Fluor 568-labeled phalloidin (to stain F-actin fibers). Scale bar, 20 m. B and C, TGF-␤1 treatment induces expression of Notch-1 and ErbB4 in cultured WT and miR-146a Ϫ/Ϫ podocytes and erlotinib suppresses it. Immunoblot analysis of various phosphorylated (p-) and total proteins in the lysates from WT (B) and miR-146a Ϫ/Ϫ (C) podocytes stimulated without or with 5 ng/ml of TGF-␤1 (TGF-␤1) in the absence or presence of erlotinib (10 M). GAPDH was used as the loading control. Relative position of the molecular weight markers is shown on the left.
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data presented here suggests that miR-146a may be an important microRNA regulating levels of Notch-1 in podocytes.
Prior studies have also shown that EGFR phosphorylation and activation in podocytes promotes glomerular injury in response to inflammatory and diabetic stimuli, and that its pharmacologic blockade or podocyte-specific deletion is protective (47) (48) (49) (50) . EGFR phosphorylation leads to induction of TGF␤-Smad-2/3 signaling, resulting in podocyte apoptosis. However, whether induction and activation of the ErbB4 heterodimerization partner of EGFR in podocytes plays a role in disease pathogenesis and what that role might be has not been described before. The results presented here suggest that both proteins are induced in the diabetic glomeruli. Similarly, the pan-ErbB kinase inhibitor erlotinib binds to EGFR with a significantly higher affinity (2 nM) than ErbB4 (55) and has been shown to protect against DN (47) (48) (49) (50) , which might suggest that the efficacy of erlotinib observed here is likely due to its inhibition of EGFR over ErbB4, suggesting that EGFR is the main culprit in disease pathogenesis. However, here we find that, at least with the TGF-␤1 treatment of podocytes in vitro, ErbB4 levels increased in cells without affecting levels of EGFR, suggesting that ErbB4 up-regulation has pathogenic relevance. TGF-␤1 treatment also increased phosphorylated forms of both EGFR and ErbB4, suggesting that the heterodimeric receptor signals together for the induction of downstream signaling pathways and that erlotinib inhibits this signaling. Still, the studies presented here cannot rule out that the protective effects of erlotinib are solely due to it inhibiting EGFR. Future studies with tissue-specific ErbB4 knockouts and knockins, as well as any compounds that selectively target ErbB4 over EGFR will help clarify this better.
Finally, ErbB4, like Notch-1, is a key developmental protein, which is expressed in developing nephrons and plays a role in epithelial cell proliferation and tubulogenesis, and is present in podocytes (70 -73) . It shows minimal expression in the adult kidney. Although ErbB4 is highly up-regulated in the kidneys with polycystic kidney disease, its genetic deletion protected animals from polycystic kidney disease, suggesting a complex and unclear role for ErbB4 in development and disease pathogenesis (74) . Here, our results show that ErbB4 is up-regulated in diabetic glomeruli and in podocytes, suggesting that it plays a role in diabetic podocyte injury. Additionally, we find that ErbB4 shows higher expression at basal level in miR-146a Ϫ/Ϫ podocytes, suggesting regulation by miR-146a. These results also provide a potential explanation for the recent findings from a genomewide association study with Ͼ11,000 type 1 diabetes (T1D) patients aiming to look at an association for DN as a primary phenotype, which reported that an intronic SNP in ERBB4 (rs7588550, p ϭ 2.1 ϫ 10 Ϫ7 ) that results in reduced expression of ErbB4 provides the strongest protective effect (45) .
In summary, our findings suggest a novel role for miR-146a in the pathogenesis of diabetic glomerulopathy and as a biomarker for disease progression. They also point to ErbB4 as a novel target for therapeutic intervention early in the disease process. Given that several ErbB kinase inhibitors, which also target ErbB4, are in the clinic as potent anti-cancer agents, our findings also suggest that such clinically available agents are potential therapeutics for diabetic kidney disease.
Experimental Procedures
Materials-The cell culture reagents were purchased from Life Technologies, except for the fetal bovine serum (FBS), which was from HyClone (Logan, UT). Alexa Fluor 568-labeled phalloidin and HCS CellMask blue were obtained from Life Technologies. Rat tail collagen I, was from Sigma and mouse recombinant interferon-␥ was from Cell Sciences (Canton, MA). Recombinant TGF-␤1 was from R&D Systems (Minneapolis, MN) and erlotinib was from LC Laboratories (Woburn, MA). The list of primary antibodies used in Western blotting is as follows. The polyclonal goat anti-synaptopodin antibody (P-19) and rabbit anti-ErbB4 antibody (C-18) were from Santa Cruz (Dallas, TX); rabbit anti-EGFR was from Millipore (number 06-847, Darmstadt, Germany); polyclonal rabbit anti-Notch1 was from Rockland (number 100-401-407, Limerick, PA); rabbit anti-podocin antibody was from Sigma. Antibodies against cleaved Notch1 (Val-1744) and anti-GAPDH (6C5) 
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were obtained from Abcam (Cambridge, MA). The anti-EGFR (D38B1), anti-p-EGFR (Tyr-845), anti-p-EGFR (Tyr-1068) (D7A5), anti-p-EGFR (Tyr-1173) (53A5), anti-p-ErbB4 (Tyr-984), anti-ERK (137F5), anti-p-ERK (Thr-202/Tyr-Y204), anti-p38, anti-phospho-p38 (Thr-180/Tyr-182) (28B10), anti-Smad2/Smad3, anti-p-Smad2 (Ser-465/467)/Smad3 (Ser-423/ 425) (D27F4), and anti-TGF-␤1 antibodies were from Cell Signaling (Danvers, MA). Retroviral vector for ectopic miR-146a expression has been described previously (25) . Control vector LV015-G encoding a scrambled sequence was from Applied Biological Materials (Richmond, BC, Canada) .
Animals-Animal care and procedures were approved by the Institutional Animal Care and Use Committee (IACUC) and were performed in accordance with institutional guidelines. The C57BL/6J wild-type (WT) and miR-146a Ϫ/Ϫ (catalog number 016239) (75) mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
Blood Glucose and Urinary Albumin and Creatinine Measurements-Blood glucose was measured from blood obtained from the tail vein of mice by using a FreeStyle Freedom lite glucometer (Abbott, Abbott Park, IL). For urinary albumin and creatinine measurements, spot urine samples were collected non-invasively from mice. Urinary albumin and creatinine concentrations were measured using a mouse albumin ELISA (Bethyl Laboratories, Montgomery, TX) and a creatinine assay (Exocell, Philadelphia, PA), respectively. Urine albumin:creatinine ratios were then calculated.
Primary Podocyte Isolation-Primary mouse podocytes were isolated according to published protocols (76) . Briefly, kidneys were collected from 8-to 16-week-old mice. Freshly collected kidneys were mashed with cold PBS through test sieves (Retsch, Newtown, PA) whose pore diameters are 180, 75, and 52 m, sequentially. Glomeruli in the sieve of 52-m pores were collected in PBS. After spinning down, they were resuspended with RPMI 1640 medium containing 10% FBS and plated on collagen I-coated plates for 14 days. Cells were trypsinized and filtered with a 40-m strainer. Filtered cells were spun down and seeded on collagen I-coated plates for culturing.
Cell Culture and Immunofluorescence Staining-Immortalized murine podocytes have been described and were cultured according to published protocols (77, 78) . Cells were transduced with miR-146a or scrambled sequence containing vectors as previously described (25) . For immunofluorescence staining of cultured cells, cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked with 5% bovine or donkey serum (Sigma). After incubating with primary antibodies, secondary antibodies and/or Alexa 568conjugated phalloidin (Life Technologies) were incubated with cells. Stained cells were imaged with a Zeiss 700 LSM confocal microscope (Zeiss, Hartford, CT) and Opera Imaging System (PerkinElmer Life Sciences), as described (58) .
For tyramide signal amplification-mediated immunofluorescence co-staining of synaptopodin with the markers Notch-1, EGFR, or ErbB4 in formalin-fixed tissue sections, human or mouse kidney tissue was fixed in formalin and embedded in paraffin for further processing. Tissue sections (3 m) were deparaffinized and hydrated through xylenes and graded alcohol series before acidic antigen retrieval (number H-3300, Vector Laboratories, Burlingame, CA). Sections were incubated in 0.1% Triton X-100 for 10 min at room temperature, washed, and incubated with blocking buffer for 1 h at room temperature. Sections were then incubated with primary antibodies in blocking buffer at 4°C overnight. Tissues were washed and incubated with 0.3% hydrogen peroxide for 30 min at room temperature to block endogenous peroxidase activity. Sections were then incubated with blocking buffer containing HRP-labeled secondary antibody polymer (number MP-7401, Vector Laboratories) and donkey anti-goat AF488 (number A-11055, Thermo Fisher) for 30 min at room temperature. Sections were washed, incubated with tyramide signal amplification reagent for 10 min, washed, and stained with DAPI for 3 min at room temperature. Stained tissues were imaged with a Zeiss 700 LSM confocal microscope and the images were quantified and analyzed using ImageJ software (NIH, Bethesda, MD).
Electron Microscopy Imaging and Quantification-For transmission electron microscopy, tissues were fixed, embedded, sectioned, and stained as previously described (79) . Briefly, kidney sections from 25-week-old miR-146a Ϫ/Ϫ mice treated with vehicle (sodium citrate), STZ, or STZ and erlotinib were sectioned and imaged as recently described (58) . Images were acquired using Zeiss Sigma HD VP electron microscope (Zeiss). Transmission electron microscopy micrographs were analyzed using SmartTiff software (Zeiss). To reduce potential bias, the analyses were performed in a blinded fashion, where the tissues were sectioned, stained, imaged, and analyzed by an independent observer that was blinded to the tissue identity. Furthermore, micrographs selected at random from three different glomeruli per condition were used for analysis. Length of GBM was measured using the point-to-point tool on images acquired at ϫ5000 magnification. Each secondary foot process was tallied manually and divided into total GBM length to calculate number of foot processes per micron of GBM. This ratio was used as an indicator of foot process effacement.
Luciferase Plasmids-For the luciferase assay, 3Ј UTR of wild type or mutated ErbB4 or Notch-1 were cloned into luciferase reporter plasmid pmirGLO plasmid (Promega, Madison, WI) following the manufacturer's instructions. The inserted 3Ј UTR sequences were (also in supplemental Fig. S5 ): wild type ErbB4 3Ј UTR: AAGAAATGTCCACATAACTTCGTGGTAGAT-TCCAGTTCTTGTGTACGAGCCTGCCCTAGT, mutated ErbB4 3Ј UTR: AAGAAATGTCCACATAACTTGCTAAAA-GATCCCAATTCTTATGTACGAGCCTGCCCTAGT; wild type Notch1 3Ј UTR: GGAAAAACATATCTGTTCCAAG-AAAATAAACTAGTTCTCAGAGCCTTGATTTTCCTGG, mutated Notch1 3Ј UTR: GGAAAAACATATCTGTTC-GATCTACTTACACTGGATCTCAGAGCCTTGATTTTC-CTGG.
Luciferase Assay-MicroRNA precursors pre-miR 146a-5p (hsa-miR-146a-5p, catalog number AM17100, Life Technologies) or the control precursor pre-miR Negative Control #1 (AM17110, Life Technologies) were transfected into HEK293T cells in 96-well cell culture plates using Lipofectamine 3000 (Life Technologies) and following the manufacturer's protocols. After 24 h, the cells were further transfected with reporter luciferase expression plasmids (pmirGLO, Promega) contain-
ing sequence from wild type or mutated ErbB4 3Ј UTR or Notch1 3Ј UTR as above (supplemental Fig. S5 ), along with the ␤-galactosidase expression plasmid (80) . To quantify luciferase activity in each well, cells were washed with PBS and lysed using supplied lysis buffer 48 h after plasmid transfection. Cellular lysates were used in a luciferase assay and a ␤-galactosidase assay. The luminescence activity in the lysate was measured 15 min after mixing the cell lysate with a luciferase substrate (Promega). The ␤-galactosidase activity in the lysate was measured by incubating the cell lysate with assay buffer containing o-nitrophenyl-␤-galactoside (Sigma) for 30 min and, subsequently, using sodium carbonate to stop the reaction and measuring absorbance at 420 nm. Luminescence values were normalized to each absorbance readings at 420 nm of the lysate (␤-galactosidase activity).
Western Blotting-Podocytes were cultured in 100-mm dishes under non-permissive conditions at 37°C without ␥-interferon for 10 -14 days to promote differentiation. Differentiated podocytes were maintained in serum-free medium overnight before treating with recombinant mouse TGF␤1 (5 ng/ml) and erlotinib (10 M) for 24 h. Subsequently, cells were washed with ice-cold PBS and lysed using cold lysis buffer (RIPA containing EDTA and EGTA, Boston Bioproducts, Ashland, MA) supplemented with protease inhibitor (Roche Life Science, Indianapolis, IN) and phosphatase inhibitor (Sigma). Cell lysates were incubated on ice for 30 min (with intermittent vortexing) and centrifuged in a tabletop microcentrifuge at 13,000 rpm for 15 min at 4°C. Supernatants were carefully transferred to new microcentrifuge tubes and protein concentrations were determined by Bradford assay (Bio-Rad). Equal amounts of protein from each sample were loaded to NuPAGE Novex 4 -12% BisTris gels (Life Technologies) and transferred to an Immobilon-P PVDF membrane (EMD Millipore, Billerica, MA). The membrane was blocked with 5% BSA (Ther-moFisher Scientific) in TBS/Tween-20 (0.05%) (Boston Bioproducts, Ashland, MA), followed by incubation with primary antibodies at 4°C overnight. After washing with TBS containing Tween 20, the membrane was incubated with a secondary antibody conjugated to horseradish peroxidase (Promega) for 1 h at room temperature. Blots were developed using Super-Signal West Pico chemiluminescent substrate (ThermoFisher Scientific) using X-ray films (Kodak, Rochester, NY) and using an AX-700LE film processor (Alphatek, Houston, TX).
Co-immunoprecipitation Assay-HEK293T cells were transfected with mammalian expression plasmids coding for 20 g of EGFR (11011, Addgene), or 20 g of ErbB4 (29536, Addgene) or both using Lipofectamine 3000 and Opti-MEM (Life Technologies) in 100-mm cell culture dishes following the manufacturer's protocols. After 48 h, cells were lysed with Nonidet P-40 lysis buffer (Boston Bioproducts) supplemented with protease inhibitor (Roche Life Science) and phosphatase inhibitor (Sigma). Total cell lysates containing 800 g of protein were incubated with primary antibodies (either rabbit isotope control antibody or anti-ErbB4 antibody (Santa Cruz Biotechnology)) overnight at 4°C. Subsequently, protein G beads (Life Technologies) pre-blocked with BSA were added to the lysate/ antibody mixture and incubated for 4 h at 4°C. Next, the beads were thoroughly washed and bound protein was eluted using Laemmli buffer (Bio-Rad) and boiled for 5 min. Eluted proteins were used for Western blotting, as described above.
miRNA Analysis by qRT-PCR-MicroRNA analysis was performed using qRT-PCR protocol as previously described (22) . Briefly, total RNAs or miRNA fractions were isolated from mouse kidney tissue or from mouse podocytes using miRNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer provided protocol and quantified using NanoDrop (Thermo-Fisher). The isolated RNAs (0.5-2.0 g) were used as template for cDNA synthesis using a High Capacity cDNA Archive Kit (Life Technologies). qRT-PCR was performed using CFX96 TM Real-time System (Bio-Rad) and the following TaqMan Gene expression assays (Life Technologies) were used: miR-146a (A25576, ID: 478399_mir), miR361 (A25576, ID: 478056_mir), and Gapdh (4331182, ID: Mm99999915_g1). For analysis, the fold-change in mRNA levels between various groups was determined after normalizing each mRNA expression level with Gapdh (2 Ϫ⌬⌬Ct method). The fold-change in miR-146a levels between various groups was determined after normalizing the miR-146a expression level in each group with levels of miR361.
STZ-induced Hyperglycemia-Hyperglycemia was induced in the wild type C57B/L6 and the miR-146a Ϫ/Ϫ mice according to published protocols (5) . Briefly, 8 -10-week-old male mice were administered two doses of STZ (Sigma) (125 mg/kg body weight) in 50 mM sodium citrate buffer, pH 4.5, intraperitoneally on days 1 and 4. Glucose levels from tail blood were measured with an Accu-Check glucometer (Roche Life Science). Animals with glucose levels Ͼ400 mg/dl on two consecutive measurements were regarded as hyperglycemic. The mice received no insulin during the study period. Urinary albumin and creatinine were analyzed before injection and 2, 4, 6, 8, 10, 12, 14, and 16 weeks after the STZ injection. Erlotinib (37 mg/kg), in saline containing 1% Tween 20, 25% kolliphor, and 2.5% DMSO, was administered intraperitoneally every other day starting at week 4 post-STZ to a group of mice, according to literature protocols. Kidneys were harvested and processed for histological and ultrastructural analyses after 16 weeks post-STZ.
Tissue Histochemical and Immunofluorescence Staining-Mouse kidneys were harvested after perfusion with PBS. One section of the removed kidney was fixed in 10% formalin and embedded in paraffin and another part was immediately snap frozen in OCT embedding compound on liquid nitrogen and stored at Ϫ80°C. Paraffin-embedded sections (4 m) were stained with hemotoxylin-eosin (H&E), periodic acid-Schiff (PAS), or Masson's trichrome. Stained slides were blindly evaluated by an experienced pathologist and scanned using Aperio software (Leica, Buffalo Grove, IL). Fibrosis was indicated as a percent of tissue area stained blue with Masson's trichrome. Quantification for glomerular volume and mesangial expansion was performed according to published methods using ImageJ software (National Institutes of Health, Bethesda, MD) (29) . Glomerular podocyte density was determined for using anti-WT1 (sc-15421, Santa Cruz) immunohistochemical staining and manual counting of WT1-positive cells from at least 5 glomeruli per sample (n ϭ 3) in a blinded fashion. CD11bpositive cells were analyzed by immunohistochemical staining using anti-CD11b antibody (ab75476, Abcam). For immuno-histochemical staining, tissue sections were deparaffinized in xylene and rehydrated through descending concentrations of ethanol and subjected to antigen retrieval by steam heating in an acidic pH solution (Citrate-based, Vector Laboratories). Subsequently, sections were incubated in 0.3% hydrogen peroxidase in water for 30 min followed by blocking (4% FBS, 4% BSA, 0.4% fish gelatin) at room temperature for 1 h. Thereafter, sections were incubated with primary antibodies at 4°C overnight, followed by washing and incubation with appropriate secondary HRP-labeled secondary antibody polymer (Vector Labs) for 30 min at room temperature. Signal development was accomplished by using the DAB substrate kit (Vector Laboratories). CD11b quantification was done by counting marker positive cells in four independent, randomly chosen areas analyzed at ϫ40 using a light microscope for each kidney tissue (n ϭ 3-5/treatment group).
For immunofluorescence analyses, frozen tissue sections were prepared and fixed in Ϫ20°C acetone before immunofluorescence staining and analyses. Sections were blocked at room temperature for 1 h and incubated with the primary antibodies against total Notch-1 (polyclonal rabbit anti-Notch1, (catalog number 100-401-407, Rockland, Limerick, PA), ErbB4 (polyclonal rabbit anti-ErBB4, catalog number sc-283, C-18, Santa Cruz, Dallas, TX), EGFR (polyclonal rabbit anti-EGFR catalog number 06-847, Millipore, Darmstadt, Germany), and synaptopodin (polyclonal goat, SC-21537, Santa Cruz) at 4°C overnight. Slides were incubated with appropriate fluorescently labeled secondary antibodies (Life Technologies) and mounted with DAPI containing mounting solution (Vector Laboratories). Fluorescence images were acquired using a Zeiss 700 LSM confocal microscope with a ϫ20 objective and analyzed using the Zen software (Zeiss, Hartford, CT). Quantification was performed using ImageJ Software (NIH).
Human Samples-Human specimens and clinical data were from recently described studies (22, 33) . Briefly, kidney biopsy samples were collected from Southwestern American Indians enrolled in a randomized, placebo-controlled clinical trial to test the renoprotective efficacy of Losartan in early type 2 diabetic kidney disease (ClinicalTrials.gov no. NCT00340678). Glomeruli and tubulointerstitial fractions were isolated by microdissection, and the small RNA fraction was isolated using AllPrep kit (Qiagen). For expression analysis of miR-146a and the mRNAs, TaqMan primers (Applied Biosystems) and the 7900HT Fast Real-time PCR System (Applied Biosystems) were used according to the manufacturer's protocols as described. Patients with ACRϾ1g/mg were excluded. The small RNA fraction of the isolated RNA was used for construction of small RNA libraries. cDNA library preparation and multiplexed RNA sequencing was performed as previously described (22) . This study was approved by the Review Board of the National Institutes of Health, NIDDK, and each participant gave informed consent.
miRNA Expression Profiling on Human Samples-miRNA profiling by quantitative real-time PCR on human specimens was performed as recently described using small RNA fractions (Ͻ200 nucleotides) was isolated from microdissected glomeruli and TaqMan miRNA assays (Applied Biosystems) (22) . miRNA expression values and threshold cycle (C T ) were normalized by U6 small nuclear RNA (snRNA), and RNU44 and RNU48 small nucleolar RNA (snoRNA). ⌬Cycle time (⌬C T ) was calculated by subtracting the C T of the miRNAs from the C T geometric mean of snRNA and snoRNA.
For miRNA expression profiling by small RNA sequencing, the isolated small RNA fraction, as above, was used for construction of small RNA libraries. cDNA library preparation and multiplexed RNA sequencing was performed as previously described (22, 81, 82) . Data were analyzed as described (22), where the miRNA annotation was adopted from literature definitions and the reads from miRNAs that were at the same precursor cistronic transcription unit in the genome were collapsed together into one miRNA cluster annotation. For normalization, the miRNA sequence reads were normalized by the total reads of each sample, as described (22) .
Statistical Analysis-Data were analyzed using Excel (Microsoft, Redmond, WA) and Prism (GraphPad, San Diego, CA) softwares and were compared with using the Student's t test, where appropriate. p Ͻ 0.05 was considered statistically significant. 
